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Lengtti

Area

in2Km2 ft2 S mi2 nmi2

lxlO.‘O 0.1550 0.0011 3.86~10.” 5.11x10-”

1x10-6 1550 10.76 3.86~10-~ 5.11x10-7
1 1.55x109 1.08x107 0.3861 0.2914
6.45~10-‘~ 1 0.0069 2.49x10-‘0 1.88xlO.‘O
9.29x10-8 144 I 3.59x10-8 2.71~10-~
2.590 4.01x109 1!.79x107 1 0.7548
3.432 5.31x109 ,3.70x1 07 1.325 1

m2

0.000 1
1
1x106
0.0006
0.0929
2.59x106
3.43x106

m2 10,000
Km2 1x10’0
in2 6.452
ft2 929.0
S mi2 2.59xlO’O

.2nml 3.43x1010

Volume

7
--

Cm3 Liter

Cm3 1 0.001
liter 1000 1
m2 1x106 1000
in3 16.39 0.0163
fP 28,300 28.32
Yd3 765,000 764.5
fl 02 29.57 0.2957
fl pt 473.2 0.4732
fl qt 946.3 0.9463

gal 3785 3.785

-r

ft3 Yd3

3.53x10-5 1.31x10-6

m3 in 3

1x10-6 0.0610
0.001 61.02
1 61,000
1.64~10.~ 1
0.0283 1728
0.7646 46700
2.96x1O-5 1.805
0.0005 28.88
0.0009 57.75
0.0038 231 .O

fl pt fl qt gal
0.002 1 0.0010 0.0002
2.113 1.057 0.2642
2113 1057 264.2
0.0346 2113 0.0043
59.84 0.0173 7.481
1616 807.9 202.0
0.0625 0.0312 0.0078
1 0.5000 0.1250
2 1 0.2500
8 4 1

fl 02

0.0338
33.81
33,800
0.5541
957.5
25900
1
16
32
128

0.0353 0.0013
35.31 1.308
0.0006 2.14~10.~
1 0.0370
27 1
0.0010 3.87x1 O-5
0.0167 0.0006
0.0334 0.0012
0.1337 0.0050

Mass

9
Kg’
oz
lb
ton

9 ‘(9 oz lb ton

1 0.00’1 0.0353 0.0022 1.1ox1o-6
1000 1 35.27 2.205 0.0011
28.35 0.0283 1 0.0625 3.12~10-~
453.6 0.45:6 16 1 0.0005
907,000 907.2 32,000 2000 1

Temperature
OC = 9/5 (OF - 32)

OF =  5/9 (OC) +  32

i i
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where it is in kilometers. Braces are used around parameter dimensions when partic-

ular units are called for or when a potential dimension difficulty exists. A list

of symbols is provided in the appendix.

2. PROPAGATION MODEL

The IF-77 propagation model is applicable to air/ground, air/air, ground/satel-

lite, and air/satellite paths. It can also be used for ground/ground paths that are

line-of-sight or smooth earth. Model applications are restricted to telecommunica-

tion systems operating at radio frequencies from about 0.1 to 20 GHz with antenna

heights greater than 0.5 tn. In addition, radio-horizon elevations must be less than

the elevation of the higher antenna. The radio horizon for the higher antenna is

taken either as a common horizon with the lower antenna or as a smooth earth horizon

with the same elevation as the lower antenna effective reflecting plane (Sec. 3.3).

At 0.1 to 20 GHz, propagation of radio energy is affected by the lower, nonion-

ized atmosphere (troposphere), specifically by variations in the refractive index

of the atmosphere [l, 2, 3, 4, 6, 9, 18, 23, 30, 33, 341. Atmospheric absorption

and attenuation or scattering due to rain become important at SHF [23, Ch. 8; 28;

34, Ch. 31. The terrain along and in the vicinity of the great circle path between

transmitter and receiver also plays an important part. In this frequency range,

time and space variations of received signal and interference ratios lend themselves

readily to statistical description [18, 25, 27, 32, 34, Sec. lo].

Conceptually, the model is very similar to the Longley-Rice [26] propagation

model for propagation over irregular terrain, particularly in that attenuation

versus distance curves calculated for the line-of-sight (Sec. 5), diffraction

(Sec. 4), and scatter (Sec. 6) regions are blended together to obtain values in

transition regions. In addition, the Longley-Rice relationships involving the

terrain parameter Ah are used to estimate radio-horizon parameters when such infor-

mation is not available from facility siting data (Sec. 3.2). The model includes

allowance for:

1. Average ra:/ bending (Sec. 3).

2. Horizon ef,fects (Sec. 3).

3. Long-term power fading (Sec. 10.1).

4. Antenna pattern (elevation only) at each terminal (Sec. 5.2.4).

5. Surface reflection multipath (Sec. 10.2).

2



6. Tropospheric multipath (Sec. 10.3).

7. Atmospheric absorption (Sec. 9).

a. Ionospheric scintillations (Sec. 10.5).

9. Rain attenuation (Sec. 10.4).

10. Sea state (Sec. 5.2.2).

11. A divergence factor (Sec. 5.2.1).

12. Very high antennas (Sec. 8).

13. Antenna tracking options (Sec. 5.2.4).

Computer programs that utilize IF-77 calculate transmission loss, power avail-

able, power density, and/or a desired-to-undesired signal ratio. These parameters
are discussed in Sections 2.1 through 2.4. A computational flow chart is provided

in Section 2.1 for transmission loss.

2.1 Transmission Loss

Transmission loss has been defined as the ratio (usually expressed in decibels)

of power radiated to the power that would be available at the receiving antenna

terminals if there were no circuit losses other than those associated with the

radiation resistance of the receiving antenna [34, Sec. 21. Transmission loss

levels, L(q), that are not exceeded during a fraction of the time q (or 100 q percent

of the time) are calculated from:

L(q) = Lb(0.5) + L
SP - GET - GER - y,(q) dB (1)

where Lb(0.5) is the median basic transmission loss [32, Sec. 10.41, Lgp is the path

antenna gain-loss [26, Sec. l-31, GET and GER are free-space antenna gains for the

transmitter and receiver at the appropriate elevation angle, respectively, and Ye(q)

is the total variability from equation 229 of Section 10; i.e.: (229).

Median basic transmission loss, Lb(O.5), is calculated from:

Lb(0.5) = Lbr + Ay + A, dB (2)

where Lbr is a calculated reference level of basic transmission loss, AY, is a con-

ditional adjustment factor, and A, is atmospheric absorption from (228) of Section 9.

The factor, Ay, from (243) of Section 10.1, is used to prevent available signal

3



powers from exceeding levels expected for free-space propagation by an unrealistic

amount when the variability about Lb(0.5) iS large and Lb(O.5) is near its

free-space level.

Free-space basic transmission loss9 Lbf' from (226) of Section 8, terrain atten-

uation, AT, from (221) of Section 7, and a variability adjustment term, V,(O.5),

from (240) of Section 10.1, are used to determine Lb,; i.e.:

Lbr = Lbf ' AT - V,(O.5) dB (3)

The value for L in (1) is taken as 0 dB in the IF-77 model. This is valid

when (a) transmittini'and receiving antennas have the same polarization and (b) the

maximum antenna gain is less than 50 dB [26, Sec. l-31.

Values of GET and GER for (1) are obtained from GET = GT + GNT and

GER = GR + GNR; i.e.:

GET,R = GT,R + GNT,R dBi (4)

where GT R is the transmitter or receiver main-beam maximum free space antenna gain

in decibils greater than isotropic (dBi), and GNT R is a normalized transmitting or

receiving antenna gain in decibels greater than miximum gain that gives relative

gain'for the appropriate elevation angle, These gains are all model input parameters.

Normalized vertical (elevation) antenna patterns are used to define GNT R so that

gain values can be obtained for elevation angles at which the maximum giin is not

appropriate. The calculation of these elevation angles is discussed in

Section 5.2.4. Horizontal antenna patterns are not usually considered part of the

IF-77 model, but an allowance for them can be made by adjusting GT R values.

However, horizontal patterns have been included in one computer prigram called TWIRL

[20, p. 611.

Variabilities associated with long-term power fading, surface reflection multi-

path, tropospheric multipath, rain attenuation, and ionospheric scintillation are

included in Y,'(q) of (1). These are all discussed in Section 10. Since the adjust-

ment terms associated with long-term power fading are incl,uded in the calculation

of Lb(0.5), Yc(0.5) = 0.

A computational flow diagram for L(q) is provided in Figure 1. Although only

those equations discussed in this section are included in the diagram, section ref-
erences are provided for the other calculations involved. Horizon and diffraction

4



I CALCULATE HORIZON
PARAMETERS (Sec. 3) I

CALCULATE DIFFRACTION REGION/[jier.
CALCULATE TERRAIN ATTENUATION

(Sec. 7), AT

I CALCULATE BASIC TRANSMISSION LOSS
FOR FREE SPACE (Sec. 8), Lbf

CALCULATE VARIABILITY ADJUSTMENT
TERM (Sec. lO.l), Ve(0.5)

I CALCULATE
BASIC TRANSMISSION LOSS (Sec. 2.1)

I Lbr = Lbf ' AT - Ve(0.5)

I CALCULATE CONDITIONAL ADJUSTMENT
FACTOR (Sec. lO.l), AY I

1 CALCULATE ATMOSPHERIC ABSORPTION (Sec. 9), Ai]
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CALCULATE MEDIAN BASIC TRANSMISSION LOSS (Sec. 2.1),
L&0.5) = Lbr + Ay + A,

I

DETERMINE GET AND GER FROM INPUT DATA ON MAIN-BEAM GAINS

(GT R) AND NORMALIZED ANTENNA PATTERNS (GNT,R),
, I

GET,R = GT,R + GNT,R

CALCULATE TOTAL VARIABILITY
(Sec. JO>, v,(q)

CALCULATE TRANSMISSION LOSS (Sec. 24,
L(q) = L,,(o.5) - GET - GER - y&) *

FIGURE 1. COMPUTATIONAL FLOW DIAGRAM FOR L(q).
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Values of AT are determined from:

AI = 10 log (x;/~TI) dB-sq m (9)

where Xm is the wavelength in meters (33, Sec. 4.11). For a frequency of f [MHZ]:

Am = 299.7925/f m (JOa)

A = A,/1000 km (Job)

2.4 Desired-to-Undesired Signal Ratio

Desired-to-undesired signal ratios that are available for at least a fraction

time q, D/U(q) dB, at the terminals of a lossless receiving antenna are calculated

using [11, Sec. 31:

D/U(q) = D/U(0.5) + y,,,,(q) dB (11)

The median value of D/U(0.5) and the variability Y,,(q) of D/U are calculated as:

DiU(O.5) = [pa(o'5)lDesired - [pa(os5)lUndesired (12)

y,,(q) = 5 [YC(q)12Desired ' [Y,(J - q)12Undesired dB (13)

- for q 2 0.5

+ otherwise

Values of P,(O.5) are calculated from (5) where Yc(O.5) = 0 by using parameters

appropriate for either the desired or undesired facility. Applicable variabilities

are calculated using the methods described in Section 10. Note that Y,,(q) requires

the undesired facility Y, for (1 - q); e.g.:

YD”(O.S)  = - i-red ’ [Y~(0m2)12Undesired



3. HORIZON GEOMETRY

Calculations associated with horizon geometry involve the use of the effective

earth radius concept in which ray bending caused by refraction within the troposphere

is simplified by using straight rays above an earth with an effective radius that is

selected to compensate for the ray bending [3, Sec. 3.6; 301. The effective earth

earth radius, a, is calculated [34, Sec. 41 using the minimum monthly mean surface

refractivity referred to mean sea level, No, and the height of the effective reflec-

tion surface above mean sea level (msl), hr; i.e.:

I No exp (-0.1057 hr)

Ns = greater of or N-units

200

a
0
= 6370 km

04)

05)

a = ao[l'- 0.04665 exp (0.005577 NS)]-' km (16)

Here NS is surface refractivity at the effective reflecting surface, and a0 is the

actual earth radius to three significant figures. Both No [20, p. 74, p. 941 and

hr [ZO, p. 831 are model input parameters.

When high (>T, km) antennas are involved, geometry based solely on the effective

radius method may'oyerestimate  ray bending so that smooth earth horizon distances

become excessive [31]. This difficulty is compensated for in IF-77 by the use of

ray tracing in the determination of some key parameters such as effective terminal

altitudes (Sec. 3.1), smooth earth horizon distances (Sec. 3.1), and effective dis-

tance (Sec. 10.1). In IF-77, ray tracing is performed through an exponential

atmosphere [3, equations 3.43, 3.44, 3.401 in which the refractivity, N, varies with

height above msl, h, as:

where

N = Ns exp [- Ce (h - h,)] N-units

ce = log,

(17)

(18)

AN = -7.32 exp(0.005577 Ns) N-units/km ('9)

and

8
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AIRCRAFT ALTITUDE ABOVE msl 4

FACILITY ANTENNA HEIGHT ABOVE fss A h h2

hfc
FACILITY ANTENNA COUNTERPOISE ABOVE fss

FACILITY SITE SURFACE (fss) ELEVATION ABOVE msl

h

hC
Sl

I
A

hl
EFFECTIVE REFLECTION SURFACE ELEVATION ABOVE msl h sml

MEAN SEA LEVEL (msl) v Q *

VALID INPUT CONSTRAINTS

O<h < 4 km- r -
O<h < 4 km- sml -
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h' L h2

Note that aircraft altitude is elevation above msl while
the facility antenna height is measured with respect to fss.

FIGURE 2. INPUT ANTENNA HEIGHTS AND SURFACE ELEVATIONS FOR IF-77.
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0 sRl,2 = dLsRl,2'a rad (23)

hr1,2

or

h = lesser of 0.5 dfsR1 2/a if BsR1 2 2 0.1 rad

II

km (24)
e1,2 , ,

abec(esRl,2) - ll otherwise

Ahel,2 = hrl,2
-hel,2 km (25)

The final value of a smooth earth horizon distance, dLS1 2, is taken as the

ray tracing value for high antennas (Ahe 2 ; 0) or computed ;ia effective earth
,

radius geometry, dLsEl 2; i.,e.:

dLsEl 2 = &, km (26)
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km

d, LsEl,Z
otherwise
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km (28)
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rad (29)

sl,2

\
'esR1,2

if Ahe, 2 > 0
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e esl,Z =
1 rad

-t’ sl,2
otherwise !

(30)
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dLEl ifAhel=O ’

dLl = (41)

otherwise use ray tracing I

The ray tracing referred to in (40) and (41) is started at the horizon elevation,

hLr,, with a take-off angle of -BL and continues until the facility antenna height

hrl is reached. Then, the great-circle distance traversed by the ray is taken as

dLl; and the negative of the ray arrival angle is taken as e,,. The take-off angle

used is calculated from:

I
8 eEl if Ah,, = 0

8 el = '
otherwise use ray tracing

\

(40)

'L = eeEl + (42)

Figure 5 provides a summary of the logic used for facility horizon determination.

The distance dLR2 shown in Figure 4 is taken as the distance under a ray traced

from the facility horizon with a take-off angle of OL from (42) to the aircraft

altitude of h2. This distance is then used with dLs, 2 from (27) to calculate the

maximum line-of-sight distance dML which is also show; in Figure 4; i.e.:

for smooth earth; i.e., Ah = 0

dML = - 'el (43)

3.3 Aircraft (Or h,igher Antenna) Horizon

Aircraft horizon parameters are determined using either (a) case 1, where the

facility horizon obstacle is assumed to)provide the aircraft radio horizon, or (b)

case 2, where the effective reflection surface is assumed to provide the aircraft
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with a smooth-earth radio horizon. The great-circle horizon distance for the

aircraft, dL2, is calculated using the parameters shown in Figure 6 along with the

the facility and the aircraft; i.e.:great-circle distance, d, between

d =J2SL a hLrl km

dLM = dLl + d~L + dLs2

d - dLl if dML

dL2 =

I dLs2 otherw

km

(44)

(45)

ise

km

/

(46) '

Here, hLrl is the height of the facility horizon obstacle above the effective reflec-

tion surface from Figure 5, and dSL is the smooth-earth horizon distance for the

obstacle (i.e., a is from (16), dLl is from (41), and dLs2 is from (27)). The

horizon ray elevation angle at the aircraft, Oe2, is measured relative to the hori-

zontal at the aircraft, with positive values assigned to values above the horizontal.

It is calculated from:

hLrl\, Horizontal at aircraft
Case 1, obstacle horizon
Case 2, smooth+arth  hor

Not drawn ;
to scale '

izon

FIGURE 6. GEOMETRY FOR AIRCRAFT RADIO HORIZON
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F-O-A for dA where dML corresponds to the maximum line-of-sight distance and dA is

both the facility horizonthe shortest beyond-the-horizon distance that involves

obstacle and a smooth-earth horizon for the aircraft.

Rounded-earth and knife-edge diffraction ca

Sections 4.1 and 4.2, respectively. Section 4.3

diffraction attenuation, Ad.

lculat

deals

ions are discussed in

with the determination of the

4.1 Rounded-Earth Diffraction

Rounded-earth diffraction calculations in IF-77 involve the determination of

straight-line attenuation versus distance parameters for paths F-O-ML and O-A of

Figure 7. Key parameters for these calculations are as follows:

' 1

hel from (24) for path F-O-ML

hepl = km

hLrl from (39) for path O-A
I

hep2 = he2 km from (24) for both paths

(50)

(51)

dLpl =

dL1 from (41) for path F-O-ML

>

km

dLol = dsL from (44) for path O-A

(52)

dLp2 =

with dML from (43)

dLo2 = dLs2 from (27) for path O-A

Attenuation line intercept

Ap = AF for path F-O-ML

A0 for path O-A

dML - dLl for path F-O-ML

km

dB

(53) '

(54)

20
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Kdl,2,3,4 = 0.36278 (fa, , 2 , 3 3 4)-1'3[(~ - 1)2 + x 2 ] -l/4

Kdl,2,3,4
for horizontal polarization

K1,2,3,4 =
or

$1 , 2 2, 3 3 4 b2 + x 1 l/2 for vertical polarization

KF1,2 = smaller of (K, 2 or 0.99999)
,

'1,2,3,4 = 416.4f1'3(l.607  - K, 2 3 4), 3 9

xl,2
-213

= Bl,2al,2 dLpl,2
km

x3,4 = B3,4aifi3 (d3,4 - dLp) + Xl + X2

'1,2,3,4 = O-05751 X1,2,3,4  - JO Jog X1,2,3,,4

wl,2 = 0.0134 X1,2 exp (-0.005 Xl,2 )

; y1,2 = 40 log (X1 2) - 117 dB
,

f

(65)

(66)

(67)

(68)

(69)

km (70)

(71)

(72)

(73)

value for 0 ( KF1,2 5 10

dB (74)

otherwise

22
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%1,2 ='

Whenever hepl 2 2, 2 fcl , 2

0
-

or when hl,2 ~2.5

-6.6 - 0.013 5 -
-

, 2 2 log h, , 2

or when Kl,2 2 0.01

1.2 - 13.5 Ti,,, + 15 log El,, if h1,2 < 0.3

-6.5 - 1.67 -6, +, 2 6.8 log h1,2 if FI,,~ 1. 0.3

or when 0.01 < K1,2 2 0.05

T- 25 (T - B) (0.05 - K1,2)

where
-

T = -13.9 + 24.1 Fl,2 + 3.1 log h1,2

T = -5.9 - 1.9 Ti, + 6.6, 2 log r;,
,
2

B = 1.2 - 13.5 T;, + 15, 2 log fi1,2
-

B= -6.5 - 1.67 6, + 6.83 2 log h,,2

or when K1,2 > 0.05

T- 20 (T - B) (0.1 - K1,2)

where
-

T = -13 if hl,2 < 0.1

T = - 4.7 - 2.5 T;, 2 + 7.6 log 5, 2
, ,

--
B = -13.9 + 24.1 h,,2 + 3.1 log h,,2

--
B=- 5.9 - 1.9 h1,2 + 6.6 log hl,2

-
if hl,2 < 0.25

-
if h1,2 ~0.25

-
if h,,2 < 0.3

if 'T,,, LO.3

-
if h1,2 1 0.1

-
if hl,2 < 0.25

- > 0.25
if h,,2 -

* dB (83

dB

24

(84)
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8, = eel + ees2 + ML1 + d&h rad (8%

v = 5.1658 sin (0.5~,,),/fdLldLsA/(dLl t dLsA) (90)

C, = 1: cos(?') dt, S, = 1; sin (5*) dt (9')

where these are Fresnel integrals [34, p. 111-181.

fV
= 0.5 J [l - (cv + SJ” -I- (cv - SJ2

AKA = ArO - G5Fl - GE01 - 20 log fv dB

(92)
(93)

4.3 Diffraction Attenuation, Ad

Diffraction attenuation, Ad, is calculated using the rounded-earth diffraction

(Sec. 4.1) and knife-edge diffraction (Sec. 4.2) parameters just discussed; i.e.

where the maximum line-of-sight distance, dML, is from (43), and the total smooth-

earth horizon distance, dLS, is from (28):

f

ArML if W > 0.999

AML = AKML if W c 0.001 dB

(1 - W) AKML + WArML otherwise

where ArML = ArF from (85) with d = dML and AKML is from (87).

(95)

dA = dLl + dLsA
km

26

(96)
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rlote: ?elationships between the various geometric parameters shown here
were previously provided in IF-73 r14, Sec. A.4.2;.

FIGURE 8: SPHERICAL EARTH GEOMETRY.
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! 01 2 tan I/J for q < 1.56 rad
,

Hi,2  =

i

km

Hl,2 otherwise

Tan-l[(Hi - Hi)/(D] + D2)lfor $J < 1.56 rad

a= km

VJ otherwise

(D, + D2)/cos a for $ < 1.56 rad

r =0

i

km

H2 - H1 otherwise

! (D1 + D2)/cos $ for 9 < 1.56 rad

r12 = km

Hl + H2 otherwise

Ar = 4 HiH,j/(ro + r,2) km

Arg = Ar with earth parameters in (106) km

Arc = Ar with counterpoise parameters in (106) km

'hl =a-e 1 rad

'h2 = -(a + 02) rad

'r1,2 = -b + 52) rad

eO = e1 + 0 2 rad

d=aO kma 0

(110)

(111)

012)

(113)

(114a)

(li4b)

(114c)

(115a)

(115b)

(116)

(717)

(118)
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When both antennas are high and close (i.e., two close aircraft), the relative

magnitude of the reflected ray will be reduced because the reflected ray length is

much longer than the direct ray length (i.e., larger free space loss for reflected

ray) [15, Sec. 3.31. The ray length factor, Fr, in (119a) is used to account for

this.

The formulation for Dv and Fr may be summarized as follows:

(120)

where H, 2 are from (106); the grazing angle, $ (Fig. 8), is a starting parameter

for the ir formulation of Section 5.1; and D, 2 are from (109)
3

Rr = ';;; km

where r, 2 are from (120) and r12 is 'from (113)
,

Dv =
2R,(l + sin2$)

-l/2

l+ aasin $

where aa is from (104), and

Fr = ro/r12

(121)

ma

(123)

where r. is from (112).

5.2.2 Surface Roughness Factors

Surface roughness factors for specular, Fob, and diffuse, Fdoh, reflections

are calculated as follows:

.\Ild = Jh,,,[l - 0.8 exp (-O.O2d)] m (124)

32
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5.2.3 Counterpoise Factors

Counterpoise factor, fg, in (119a) is used to provide some reduction in the

ireflection from the earth's surface when this reflecting surface is shadowed by the

counterpoise. Counterpoise factor, fc, in (119b) is used to provide some reduction

in the reflection from the counterpoise because of the limited area of the counter-

poise. When there is no counterpoise, fg = 1 and fc = 0. These factors are deter-

mined with the geometry shown in Figures 9 and 10 by using knife-edge diffraction

considerations as follows:

8ce = Tan-,(2 h,,/d,) rad (130)
IL L

where hfc is the height

and dc is the counterpoi

[‘20, p. 881.

r
C
= 0.5 dc/

‘kg = lecel

where Or1 is from (116):

Yv = mp

where A is from (lob).

of the facility antenna above its counterpoise from (22),

se diameter which is an IF-77 model input parameter

cos ece km

- l'rll

'kc = 'ce - 'hl(

rad

rad

(131)

(132)

(133)

(134)

where Bhl is calculated using counterpoise parameters in (106) through (118).

!I
= + Yv sin (ekg/2)

- for erl c Oce
I I

t otherwise
(135a)

(135b)



5.2.3 Counterpoise Factors

Counterpoise factor, fg, in (119a) is used to provide some reduction in the

ireflection from the earth's surface when this reflecting surface is shadowed by the

counterpoise. Counterpoise factor, fc, in (119b) is used to provide some reduction

in the reflection from the counterpoise because of the limited area of the counter-

poise. When there is no counterpoise, fg = 1 and fc = 0. These factors are deter-

mined with the geometry shown in Figures 9 and 10 by using knife-edge diffraction

considerations as follows:

8ce = Tan-,(2 h,,/d,) rad (130)
IL L

where hfc is the height

and dc is the counterpoi

[‘20, p. 881.

r
C
= 0.5 dc/

‘kg = lecel

where Or1 is from (116):

Yv = mp

where A is from (lob).

of the facility antenna above its counterpoise from (22),

se diameter which is an IF-77 model input parameter

cos ece km

- l’rll

'kc = 'ce - 'hl(

rad

rad

(131)

(132)

(133)

(134)

where Bhl is calculated using counterpoise parameters in (106) through (118).

!I
= + Yv sin (ekg/2)

- for erl c Oce
I I

t otherwise
(135a)

(135b)



C = 1vgyc cos
g,c 0

where these are Fresnel integrals [34, p. II I-181.

f
!3¶C = o.dP - Kg c + ~g,cw + (cg,c - sg,c)*,

'kc

C - s
, -gEC -g5c ) rad

g,c g,c

(136)

(137)

(138)

The angles $kg c are phase shifts that will be used later in Section 5.4.
,

5.2.4 Antenna Pattern Gain Factors

The antenna gain factors gD R and gRh v are used to allow for situations where

the antenna gains effective for ihe direct'ray path differ from those for the

reflected ray path. Figure 11 illustrates the two-ray path and indicates the gains

eH1,2 and 8
91,2

are measured from the

horizontal at each terminal. Angles

above the horizontal are positive.

Note: This sketch is drawn with flat earth, straight rays and an
exaggerated scale so that the geometry shown is over simplified.

FIGURE 11. SKETCH ILLUSTRATING ANTENNA GAIN NOTATIOi1
AND CORRESPONDENCE BETWEEN RAY TAKE-OFF ANGLES AND GAINS.

36



C = 1vgyc cos
g,c 0

where these are Fresnel integrals [34, p. II I-181.

f
!3¶C = o.dP - Kg c + ~g,cw + (cg,c - sg,c)*,

'kc

C - s
, -gEC -g5c ) rad

g,c g,c

(136)

(137)

(138)

The angles $kg c are phase shifts that will be used later in Section 5.4.
,

5.2.4 Antenna Pattern Gain Factors

The antenna gain factors gD R and gRh v are used to allow for situations where

the antenna gains effective for ihe direct'ray path differ from those for the

reflected ray path. Figure 11 illustrates the two-ray path and indicates the gains

eH1,2 and 8
91,2

are measured from the

horizontal at each terminal. Angles

above the horizontal are positive.

Note: This sketch is drawn with flat earth, straight rays and an
exaggerated scale so that the geometry shown is over simplified.

FIGURE 11. SKETCH ILLUSTRATING ANTENNA GAIN NOTATIOi1
AND CORRESPONDENCE BETWEEN RAY TAKE-OFF ANGLES AND GAINS.
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where isotropic implies that, for the radiation angles of interest, gR1 = go1 and

gR2 = gD2' In problems involving elliptical polarization, horizontally polarized

(ghD1 2 and ghR1 2) and vertically polarized (gvD1 2 and gvR1,2) components are used.

Linea; polarizat;on is considered to be either veriical or horizontal with the polar-

ization associated with gD R selected accordingly. Defining gR as 1 for elliptical

polarization is done to allow the antenna gains to be included in the reflection

coefficient formulation of IF-77 in a simple way for horizontal or vertical polari-

zation. Circular polarization is a special case of elliptical polarization; i.e., .

ghD1,2 = gvD1,2

The gain factor gRv is similar to gR except that gRv involves gains gvR1 2; i.e.:3

g,v[v/vl =

for isotropic antennas

otherwise

In a similar manner,

1 for isotropic antennas

g,,[v/vl =

(143)

(144)

where gRh is for horizontal polarization. These factors will be used in the formu-

lation of complex plane-earth reflection coefficients for elliptical polarization

that is given in the next section.

Several facility antenna patterns from which gain factors can be determined

are included in the computer programs that utilize IF-77 [20, p. 851. However,

data for other facility antenna patterns or aircraft antenna patterns can be used.

These programs also include an option to tilt the main beam of either or both

antenna(s) relative to the horizontal, or have either or both antenna(s) track the

other with its main beam [20, p. 891. The patterns involved here are vertical plane

antennd patterns. Gain variations with azimuth can be accommodated by adjusting

GT R in (4), and GNT R for (4) are obtained from:
9 3 '/
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When a counterpoise is present, it will have a set of gain factors associated

with it where the earth or counterpoise set values are determined

for H1 2 in (106) to calculate 6hl 2 and erl
,

2. For example:
, ,

gRg =
calculated with parameters appropriate for a

gR ground reflection

gRc = gR
calculated with parameters appropriate for a
counterpoise reflection

5.2.5 Plane-Earth Reflection Coefficients

by the values used

(149a)

(149b)

Values for the plane-earth reflection coefficient, R exp(-j$), are dependent

upon the dielectric constant, E, and conductivity, CT, of the surface involved. For

water:

E 3 - E.
= 1 + (27r fT)Z + '0

a[mho/m] =
f2T(E - Ed)

2865 + CJ.
1

(150)

(151)

where cs is the static dielectric constant, ~~ = 4.9 is the dielectric constant

representing the sum of electronic and atomic'polarizations,  f[MHz] is frequency,

T[ps] is relaxation time, and oi[mho/m] is the ionic conductivity. The values for

E~,~T, and Ui for water [15, p. 261 were obtained using Saxton and Lane [36]. When

(150,151) are not used, appropriate t: and u values are taken from the Applications

Guide [20, p. 891. The formulation for R exp (- j$) may be summarized as follows:

.

EC = E - j 60 Am u (152)

where Am is from (lOa).

Yc = kc - COS’IJJ (153)

40



When a counterpoise is present, it will have a set of gain factors associated

with it where the earth or counterpoise set values are determined

for H1 2 in (106) to calculate 6hl 2 and erl
,

2. For example:
, ,

gRg =
calculated with parameters appropriate for a

gR ground reflection

gRc = gR
calculated with parameters appropriate for a
counterpoise reflection

5.2.5 Plane-Earth Reflection Coefficients

by the values used

(149a)

(149b)

Values for the plane-earth reflection coefficient, R exp(-j$), are dependent

upon the dielectric constant, E, and conductivity, u, of the surface involved. For

water:

E 3 - E.
= 1 + (27r fT)Z + '0

a[mho/m] =
f2T(E - Ed)

2865 + u.
1

(150)

(151)

where cs is the static dielectric constant, ~~ = 4.9 is the dielectric constant

representing the sum of electronic and atomic'polarizations,  f[MHz] is frequency,

T[ps] is relaxation time, and oi[mho/m] is the ionic conductivity. The values for

E~,~T, and Ui for water [15, p. 261 were obtained using Saxton and Lane [36]. When

(150,151) are not used, appropriate t: and u values are taken from the Applications

Guide [20, p. 891. The formulation for R exp (- j$) may be summarized as follows:

.

EC = E - j 60 Am u (152)

where Am is from (lOa).

Yc = kc - COS’IJJ (153)

40



where the geometry used in calculating gain factors (Sec. 5.2.4) is dependent on

the use of Hl,2 values in (106) that are appropriate for either ground or counter-

poise reflection.

The total phase lag of the reflected ray re

'Tg
, or counterpoise, $Tc, is given by:

%,c = (2’Arg,J/A) + $g,c + $kg,c + $,c /2 rad (157)

lative to the direct ray for ground,
,

where Arg c is from (114), A is from (lob), $kg c is from (138), and vg c is from

(135). 1; there is no counterpoise, the last tie terms of (157) may be'neglected

since they are the phase lag introduced by knife-edge diffraction over the counter-

poise.

5.3 Line-of-Sight Transition Distance, do

The largest distance in the line-of-sight region at which diffraction is con-

sidered negligible is do. In the IF-73 model, it was estimated using the distance

at which the attenuation associated with a modified diffraction line is zero

[14, p. 661. The IF-73 do is called dd and in the IF-77 model is calculated

as follows:

'h5 = 2 Sin -' [(5.;$8) ,/-PI rad (158)

where dklL is from (43), f[MHz] is frequency, and dLl is from Fi’gure 5:

e5 = oh5 - Tan-' C(hli - hLl )/dL1l  - dL1/2a I

where hLl is from Figure 5, hl is from (21), and a is from 16.

hem2 = h2 - Ahe km

,

(159)

(160)

where h2 is the aircraft altitude above msl (Fig. 2), and Ahe is from (25).
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where W is from (94), and

dd = dML - AML(dryL - d5)
/

(AML - A5) km (171)

where AML is from (95) and dML from (43).

Values estimated for do in IF-73 have been found to be too small when low

antennas are used for both antennas. To correct this difficulty, do estimates in

IF-77 are made using:

I
dL1 when dLl > dd

do = dX/6 when d,,, x dLl and dd

dd otherwise

km

where dL1 is the horizon distance for the lower terminal (Fig. 5); dX,6 is the dis-

tance at which the path length difference, Ar,in a two-ray line-of-sight formulation

is equal to A/6 (X is wave length); and dd is the do of IF-73 [14, p. 661. The dis-

tance d,,6 is the largest distance at which a free-space value is obtained in a

two-ray model of reflection from a smooth earth with a reflection coefficient of -1.

A value for dh,6 can be determined by the repetitive use of the line-of-sight formu-

lation (Sec. 5.1) to define the Ar to distance relationship; i.e., (102) through (118).

5.4 Line-of-Sight Attenuation, ALoS

Line-of-sight attenuation, ALoS, is calculated as follows:

Ffs =Ffs =

ii

1 if lobing option is used and Arg < 10X1 if lobing option is used and Arg < 10X

1 if Arg < 0.5 X1 if Arg < 0.5 X andand--

I 'D + RTgI 'D + RTg exp(-j+Tg)l  < gDexp(-j+Tg)l  < gD

00 otherwiseotherwise

(173)

where At is from (114), X is from (lOa), gD is obtained using earth reflection

geometry'as indicated in Section 5.2.4, and R,Tg c exp(-j$Tg) is from (119,157).
,
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where hLrl,2 is from (39, 47), a is from (16), the effective reflection surface

elevation, h,, is an input parameter, and dLl 2 is from (41, 46).
,

dS = d - dLl - dL2 km (179)

where the great circle path distance, d, may be taken as an input parameter.

's = 'al +ea2 + d,/a rad

dzl = [(i + 'a2) ds + hL2 - hLl] /ns km

where hLl,2 are from (38, 48).

dz2 = d, - dZ1 km (182)

Am = 157 (10m6) per km (183)

dN = Am - a-l per km

ye = N, (10m6)/dN km

where N, is from (14).

al,2 + hLr1,2 km 1

'bl,2 =z ,' d:l 2 + 'al 2 dzl 2 + hLrl 2 km, , ,

Q01,2 = Am - dN exp(-h Lrl,PIYe)

Qal,2 = A, - dN exp(-z a1,2'Ye)

(180) -

(181)

(184)

(185)

mfd

(187)

088)

(189)
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K = zTr/x per km

where K is the wave number and X is from .(lOb).

Pl $2 = .&&he1 2
,

where he1 2 are from (24).
,

X2
2

91,2 = vl,2 + Pl,2

BS = 6 + 8s'

t 8 (1 + s)X;,p;/q;

t 8 (l.- s 1x;, +l:

+2(1- s2)(1 + zx;,/q)(' + 2x;2&2)

dB

where SV is the scattering voluhe term, and

A, = se t sv + lo 109 (Ke3/!d dB

(214)

(215)

(216)

(217)

(218)

(2’9)

(220)

where As is the tropospheric scatter attenuation..
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where hLl,2 are from (38,48)

rBH = rL1 + rL2 + d, km (224)

where ds is from (179)

r. or rWH for LOS

r = greater of or km

d or rBH othertiise
I

c

where r. is from (112), and

Lbf = 32.45 + ZO,,log (fr) dB

where frequency, f[MHz], is a starting parameter [ZO, p. 821.

(225)

(226)

9. ATMOSPHERIC ABSORPTION

The formulation used to estimate median values for atmospheric absorption is

similar to the IF-73 method [14, Sec. A.4.51. Allowances are made for absorption

due to oxygen and water vapor by using surface absorption rates and effective ray

lengths where these ray lengths are lengths contained within atmospheric layers

with appropriate effective thicknesses. Geometry associated with this formulation

is shown in Figure 12 along with key equations relating geometric parameters. This

geometry is used to calculate effective ray lengths applicable to the oxygen, reo

rain storm, res for Section 10.4, and water vapor, r,,, layers for different path

configurations. The rain storm is assumed to occur between the facility and its

maximum LOS distance, dML from (43), so that only the facility horizon ray is con-

sidered in the calculation of res for beyond-the-horizon paths.
I
For line-of-sight paths, (d 2 dnL) where d is a specified parameter except in

the LOS region where it is calculated using (118), dML is from i(43), the Figure 12

expressions are used to calculate effective ray lengths, reo s w, *, 3 w'th Hy1,2 = Hl,2

from (106), for earth, ay = aa from (104), and B = oh1 from (115a).
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For single horizon paths, (dML < d 2 dL1 + dLol) where dLl is from Figure 5

and dLol is from (52), the Figure 12 expressions are used with one (Res) or two

(R 3
e. w) sets of starting parameters and the Reo s w's obtained with these are, ,

called rleo s w and rzeo w.

(hel or hLr;)'and Hy2
3

In the,calculation of rleo,s,w, I-$, = lesser of

= greater of (he1 or hLrl) where he1 is from (24) and hLrl is

from (39); ay = a from (16) and B = eel from (40) if H
yl = hel' otherwise p = eL

from (42). In calculation for r2eo,w, Hyl = lesser of (he2 from (24) or hLrl) and

H
Y2

= greater of (he2 or hLr2) with 6 = Be2 from (49) if Hyl = he2, otherwise

6 = -eL. Values for reo s w are then obtained using:
, 3

res = rles km (227a)

reo ,w = rleo,w + r2eo,w km (227b)

For two-horizon paths (dLl + dLol < d), the Figure 12 expressions are also used

with one (Res) or two (Reo w) sets of input parameters. The results obtained are
3

called qeo s w and rzeo s w, where (227)‘is used to determine r values. In, 3 , 3 eo,s,w
calculations for rleo,s,w, Hy, = lesser of {he1 or hv from (ZOl)}, Hy2 = greater

of {he1 or h,}, p = eel if H
Y'

= he,,, otherwise 6 = -Tan-'eAl where BAl is from (196).

In calculations for r2eo,s,w,  Hyl = lesser of {hv or he21, Hy2 = greater of {h, or

he2}, ay = a and p = Be2 if Hyl = he2, otherwise (3 = -Tans1eA2,where  eA2 is from (196).

Surface absorption rates for oxygen and water vapor, y,, w are used with
,

effective ray lengths, reo w to obtain an estimate for atmospheric absorption,
¶

A,; i.e.,:

A, = Y,, reo ' Yaw rew dB * (223)

Values for y,, w are obtained by interpolating between values taken from the
3

Rice et al. curves [34, p. 3-71.

53



For single horizon paths, (dML < d 2 dL1 + dLol) where dLl is from Figure 5

and dLol is from (52), the Figure 12 expressions are used with one (Res) or two

(R 3
e. w) sets of starting parameters and the Reo s w's obtained with these are, ,

called rleo s w and rzeo w.

(hel or hLr;)'and Hy2
3

In the,calculation of rleo,s,w, Hyl = lesser of

= greater of (he1 or hLrl) where he1 is from (24) and hLrl is

from (39); ay = a from (16) and B = eel from (40) if H
yl = hel' otherwise p = eL

from (42). In calculation for r2eo,w, Hyl = lesser of (he2 from (24) or hLrl) and

H
Y2

= greater of (he2 or hLr2) with 6 = Be2 from (49) if Hyl = he2, otherwise

6 = -eL. Values for reo s w are then obtained using:
, 3

res = rles km (227a)

reo ,w = rleo,w + r2eo,w km (227b)

For two-horizon paths (dLl + dLol < d), the Figure 12 expressions are also used

with one (Res) or two (Reo w) sets of input parameters. The results obtained are
3

called qeo s w and rzeo s w, where (227)‘is used to determine r values. In, 3 , 3 eo,s,w
calculations for rleo,s,w, Hy, = lesser of {he1 or hv from (ZOl)}, Hy2 = greater

of {he1 or h,}, p = eel if H
Y'

= he,,, otherwise 6 = -Tan-'eAl where BAl is from (196).

In calculations for r2eo,s,w,  Hyl = lesser of {hv or he21, Hy2 = greater of {h, or

he2}, aY = a and p = Be2 if Hyl = he2, otherwise (3 = -Tans1eA2,where  eA2 is from (196).

Surface absorption rates for oxygen and water vapor, y,, w are used with
,

effective ray lengths, reo w to obtain an estimate for atmospheric absorption,
¶

A,; i.e.,:

A, = Y,, reo ' Yow rew dB * (223)

Values for y,, w are obtained by interpolating between values taken from the
3

Rice et al. curves [34, p. 3-71.

53



where dLq is a total smooth earth horizon distance determined by ray tracing (Sec. 3), ,)
with N, = 329 in (17) which would correspond to a 9000 km effective earth radius

[34, p. 4-41

de = km (232)

where d is the great-circle path distance and is a specified parameter except in the

LOS region where it is calculated via (118). Key parameters, g(O.l or 0.9,f), V(0.5)

and Y,(O.l or 0.9) for the long-term variability normally used are determined as

follows:

sin[5.22 log(f/200)]+1.28 for 60<f<1600 MHz- -

1.05 for f > 1600 MHz

sin[5.22 log(f/200)]+1.23 for 60<f<1600 MHz- -

for f > 1600 MHz

f2 = f, t (fm - f,) exp

and

c,dz' - f2] exp (-c3dz3) + f2 dB (235)

(233a)

(233b)

(234)

where the values used for the parameters cl, c2, c3, n,, n2, n3, fm, and fa, depend

on whether V(0.5) [34, Table 111.5, Climate 11, Y(O.l) [34, Table 111.3, all hours

all year], or Y(0.9) [34, Table 111.4, all hours all year] is calculated. This

selection is based on a recommended model [ll, p. 191 that was tested against

air/ground data [lo, Sec. 4.31. However, other options such as different time

blocks (Sec. lO.l.l), climates (Sec. 10.1.2), or a mix performed to meet particular
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O if AyI 2 0
7

Ay =

Y,(q<O.l > =

10 if AyI L 10

eY1 otherwise

lesser of [Ye,(q) or YT] for lobing

lesser of [Y,I(q) or

Lbr + Ay - tLbf - cyu

otherwise

dB

(243)

(244)

where c is and 5 dB for values of andY 6, 5.8, q 0.0001, 0.001, 0.01, respectively,

Ye(q+‘) = yeI(q) dB - (245)

10.1.1 Time Blocks

Long-term variability options for IF-77 include variabilities appropriate for

the time blocks shown in Table 1 [ZO, p. 1031. These blocks and seasonal groupings

are used to describe the diurnal and seasonal variations in a continental temperate

climate [34, Sec. 111.7.11. They are incorporated into (235) by selecting appro-

priate constants from Rice et al. [34, Tables 111.2, 111.3, and 111.41. The

expressions for g(O.l,f) and g(0.9,f) given in (233) are used for time block varia-

bilities.

If a combination of time blocks is appropriate, various distributions can be

mixed (Sec. 10.6).

10.1.2 Climates

Options to use various climates are included in IF-77 [20, p. 1031; i.e.,

(1) equatorial, (2) continental sub-tropical, (3) maritime sub-tropical, (4) desert,

(5) mediterranean, (6) continental temperate, (7a) maritime temperate overland,

(7b) maritime temperate oversea, and (8) polar. The formulation used is based on

algebraic expressions fitted to modified versions of curves provided in CCIR

Report 238-4 [7] by Hufford and Longley [DOC-BL, informal communication;

15, Sec. 4.3; 29, Sec. 4.4.251 and may be summarized as follows:
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FAr =

I 1 for Arg > 10X for lobing

0 otherwise option [20, p. 99)
.

1 for Arg 2 X/2

0.1 for Arg 5 X/6 7

otherwise

1.1-0.9 cos[3m(Arg- X/6)/X]

2 .
I

where Arg is from (114b) and X is from (lob)

t otherwise

(249)

(250)

where Ri is the relative contribution of specular reflection to surface reflection

multipath power, and R
Tg

is from (llga), Rd from (129) may be expressed as:

Rd (251)

where Rz is the relative contribution of diffuse reflection to surface reflection

multipath power, Fdah is from (128), Fob is from (127), and D, is from (122),

0 otherwise 1

.
(252)

where d is the path length obtained from (118) for LOS paths, dML is from (43), and

gD is from (141).

10.3 Tropospheric Multipath

Tropospheric multipath is caused by reflections from atmospheric sheets or

elevated layers, or additional direct (nonreflected) wave paths [2; 9, Sec. 3.11,

and may be present when antenna directivity is sufficient to make surface reflections

negligible. It is considered as part of the short-term (within the hour) variabil-
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Relative powers Wa and WR from (252) are combined to determine K, which is the

ratio in decibels between the steady component (e.g., direct ray), and the Rayleigh

fading component (e.g., surface reflection and tropospheric multipath) using:

K= -10 log (WR + Wa) dB (258)

The Nakagami-Rice probability distribution for YT(q) of (229) is then selected from

the Rice et al. curves [34, p. V-81 by using K.

10.4 Rain Attenuation

The rain attenuation model used in IF-77 is largely based on material in

informal papers by C. A. Samson (DOC-BL) on "Radio Propagation Through Precipitation"

and "Rain Rate Distribution Curves." This discussion is a shortened version of the

description previously provided [15, Sec. 4.41, and the maps and tables provided

there are not repeated here.

Two options for rain attenuation are available in IF-77. The first is for use

in a "worst case" type analysis where a particular rainfall attenuation rate is

assumed for the in-storm path length, and the additional path attenuation associ-

ated with rain is simply taken as the product of this attenuation rate (in dB/km)

and the in-storm ray length [ZO, p..94]. This ray length is determined in accord-

ance with the method discussed in step 4 of option two.

Option two involves computer input of rain zone (which determines a rainfall

rate distribution) and storm size [ZO, p. 94). Storm size (diameter or long

dimension) is assumed to be one of three options: 5, 10, or 20 km (corresponding

approximately to a relatively small, average, or very large thunderstorm). The

maximum distance used in calculating path attenuation with this option is the storm

size since it is assumed that only one storm Is on the path at a time. The process

used to include rain attenuation estimates inJ IF-77 for this option may be summarized

as follows:

1. Determine point rain rates. Point rain rates (rate at a particular point

of'observation) not exceeded for specific fractions of the time are determined for

the rain zone of interest [15, p. 381.

2. Drtermineq_ath  average rain rates. Each point rain rate resulting from_ -..- _._ .-.- --.-- -__I
step 1 is converted to a path average rain rate by using linear interpolation to

obtain a multiplying factor [15, p. 39).

62



Relative powers Wa and WR from (252) are combined to determine K, which is the

ratio in decibels between the steady component (e.g., direct ray), and the Rayleigh

fading component (e.g., surface reflection and tropospheric multipath) using:

K= -10 log (WR + Wa) dB (258)

The Nakagami-Rice probability distribution for YT(q) of (229) is then selected from

the Rice et al. curves [34, p. V-81 by using K.

10.4 Rain Attenuation

The rain attenuation model used in IF-77 is largely based on material in

informal papers by C. A. Samson (DOC-BL) on "Radio Propagation Through Precipitation"

and "Rain Rate Distribution Curves." This discussion is a shortened version of the

description previously provided [15, Sec. 4.41, and the maps and tables provided

there are not repeated here.

Two options for rain attenuation are available in IF-77. The first is for use

in a "worst case" type analysis where a particular rainfall attenuation rate is

assumed for the in-storm path length, and the additional path attenuation associ-

ated with rain is simply taken as the product of this attenuation rate (in dB/km)

and the in-storm ray length [ZO, p..94]. This ray length is determined in accord-

ance with the method discussed in step 4 of option two.

Option two involves computer input of rain zone (which determines a rainfall

rate distribution) and storm size [ZO, p. 94). Storm size (diameter or long

dimension) is assumed to be one of three options: 5, 10, or 20 km (corresponding

approximately to a relatively small, average, or very large thunderstorm). The

maximum distance used in calculating path attenuation with this option is the storm

size since it is assumed that only one storm Is on the path at a time. The process

used to include rain attenuation estimates inJ IF-77 for this option may be summarized

as follows:

1. Determine point rain rates. Point rain rates (rate at a particular point

of'observation) not exceeded for specific fractions of the time are determined for

the rain zone of interest [15, p. 381.

2. Drtermineq_ath  average rain rates. Each point rain rate resulting from_ -..- _._ .-.- --.-- -__I
step 1 is converted to a path average rain rate by using linear interpolation to

obtain a multiplying factor [15, p. 39).

62



10.5 Ionospheric Scintillation

Variability associated with ionospheric scijntillation,  Y,(q) for (229), for

paths that pass through the ionosphere (i.e., on earth/satellite paths) at an alti-

tude of about 350 km is included in IF-77. This variability may be specified

directly by the selection of a scintillation index group or by using a weighted

mixture of distributions where the weighting factors are estimated for specific

problems [ZO, p. 91; 15, Sec. 4.51. Provisions are included to allow Y,(q) to

change with earth facility latitude when a geostationary  satellite is involved and

the earth facility locations are along the subsatellite meridian. When this pro-

vision is used, Y136 (q) is obtained from previously prepared 136 MHz data

[15, p. 45) and YI(q) is calculated as follows:

n=

1 for eFL 2 17" or eFL 2 52'

’ + IeFL - 17)/7 for 17" < eFL < 24"

2 for 24" < eFL < 45"

1 + (52 - eFL)/7 for 45" < eFL < 52"

where BFL is the magnitude of the earth facilities latitude in degrees, and

y,(q) = ('36/f)"Y,j&q)  dB

(262)

(263)

Even though this scaling factor is built into the programs that utilize IF-77, only

minor program modifications would be required to use other simple scaling methods.

In addition, the distribution mixing methods of ,jection 10.6 could be used to create

YI(q)'s applicable to specific situations.

10.6 Mixing Distribitions

Subroutines have been incorporated into the IF-77 computer programs to allow

the distributions that characterize portions of the variability associated with a

particular model component to be mixed in order to obtain the total variability for

that component. For example, different fractions of the time may be characterized
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When this process is used to mix distributions of long-term variability, the

required variability functions are obtained from:

v,(q) = CV(O.5) + Wll, 'dB (265)

where . . . jc indicates that the V(0.5) and Y(q) are appropriate for the conditions

(e.g., time block or climate) associated with a particular value of the subscript c.

For example, V(0.5) and Y(q) values for different climates can be obtained by using

247) with (236, 237) and mixing can be used to estimate variability for areas near a

border between two different climate types. After mixing, Y(q) values needed for

(239) may be obtained by using:

,

Y(q) = v(q) - V(0.5) dB (266)

where all variables in (266) are associated with the resulting mixed distribution.

Similarly, when mixing variabilities associated with ionospheric scintillation,

Y&i) = y*ki)l, dB (267)

and the distribution resulting from the mixing is taken as Y*(q) for later calcu-

lations.

11. SUMMARY

The IF-77 electromagnetic wave propagation model was discussed, and references

were provided so that more information on specific items could be, obtained. A brief

description of the model provided in Section 2 is followed by a systematic discus-

sion of model components. Readers with a further interest in IF-77 are encouraged

to obtain a copy of the "Applications Guide for Propagation and Interference

Analysis Computer Programs (0.1 to 20 GHz)" [ZO].
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*F

*I

*KA

*KML

*K5

*Los

*m

*ML

*0

*0

*P

ArA

ArF

ArML

Arb

' *RO

*r(S)

*r,(q)

Ar5

*S

Attenuation line intercept [dB] of rounded earth diffraction for
path F-O-ML (Figure 7), from (54,78).
Effective area [dB-sq m] of an isotropic antenna, from (9).

Knife-edge diffraction attenuation [dB] for path F-O-A
(Figure 7), from (93).

Knife-edge diffraction attenuation [dB] for path F-O-ML
(Figure 7), from (87).

Knife-edge diffraction attenuation [de] at d5, from (168).

Line-of-sight attenuation [dB], from (177).

A parameter [km] used in tropospheric scatter calculations,
from (183).

Combined diffraction attenuation [dB] at dML, from (95).

AR0 [dB] at do, from (175).

Attenuation line intercept [dB] of rounded earth diffraction
path O-A (Figure 7), from (54,78).

Rounded earth diffraction attenuation [dB] for path p,
from (54,78).

ArF [dB] at dA, from (85).

Rounded earth diffraction attenuation [de] for path F-O-A
(Figure 7), from (85).

ArF [dB] at dML, from (85).

Rounded earth diffraction attenuation [dB] for path O-A
(Figure 7) at distance dLsA, from (86).

Attenuation [dB] in the line-of-sight region where the diffrac-
tion effects associated with terrain are negligible (d < do),
from (175).

Attenuation [dB] due to rain for a fraction of time q,
from (260).

Attenuation rate [dB/km] associated with rain and a fraction of
time q, (Sec. 10.4, Step 3).

ArF [dB] at d5, from (169).

Forward scatter attenuation [dB], from (220).
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dB/km Attenuation [dB] per unit length [km].

dB-sq m Units for effective area in terms of decibels greater than
an effective area of 1 square meter; i.e., 10 log (area in
square meters).

dBW Power in decibels greater than 1 watt.

dB-W/sq m Units of power density in terms of decibels greater than 1 watt
per square meter; i.e., 10 log (power density expressed in watts
per square meter).

dN
,

A parameter [per km] used in tropospheric scatter calculations,
from (184).

dA A facility-to-aircraft (Figure 7) distance [km], from (96).

dC
Counterpoise diameter [km], a model input parameter [ZO, p. 88,
FACILITY ANTENNA COUNTERPOISE DIAMETER].

dd Initial estimate of do, from (171).

de Effective distance [km], from (232).

dh A distance [km] used in facility horizon determination,
from (35).

dLEl An initial value for the facility horizon distance [km] that is
based on effective earth radius geometry, and shown in Figure 4.
It may be specified [ZO, p. 901 or calculated as indicated in
Figure 5, from (33,36).

dLR2

Maximum distance [km] for which the facility-to-aircraft path
has a common horizon, from (45).

Smooth earth horizon distances [km] for path O-A (Figure 7),
from (52,53).

Total horizon distances [km] for path p, from (59).

Radio horizon distances [km] for path p, from (52,53).

Smooth earth horizon distances [km] determined via ray tracing
(Sec. 3) over a 9000-km (4860 n mi) earth, discussed after
(231).

Horizon distance for aircraft shown in Figure 4 and discussed
preceding (43).
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d3,4 Distances [km] used in rounded earth diffraction calculation,
from (60,61).

d5

d~/6

DOC-BL

DOT

WJh)

DV

Dl,2

e

eq.

exp( 1

EIRP

EIRPG

f

fss

fcl,2

f
g,w2J

A distance [km] calculated from (162).

The largest distance [km] at which a free-space value of basic
transmission loss is obtained in two-ray model of reflection
from a smooth earth with an effective reflection coefficient of
-1. This occurs when the path length difference, Ar from (114),
is equal to X/6.

United States Department cf Commerce, Boulder Laboratories.

United States Department Of pransportation.

Desired-to-undesired signal ratio [dB] exceeded for at least a
fraction q of the time. These values may represent instantaneous
levels or hourly median levels depending upon the time availa-
bility option selected [ZO, p. 1031 and are calculated via (11).

Divergence factor, from (122).

Distances [km] shown in Figu::e 8 and calculated via (109).

2.718281828.

Equation.

Exponential; e.g., exp(2) = e2 or R exp(-j+) = Remm$ is a
phasor with magnitude R and a lag of 4 radians.

equivalent  i-sotropically radiated power [dBW] as defined by (7).

EIRP [dBW] increased by the main beam gain [dBi] of the
receiving antenna as in (6).

Frequency [MHZ], an input parameter [ZO, p. 821.

Eacility site Surface (Figure 2).

A parameter used in GX weighting factor and calculated from (81).

Knife-edge diffraction loss factors determined using Fresnel
integrals, from (137,/92,167).

fill 2
Parameters used in the normally used variability formulation

. , .\>
and discussed following (235).

1‘oh
Elevation angle correction factor, from (238).

72



d3,4 Distances [km] used in rounded earth diffraction calculation,
from (60,61).

d5

d~/6

DOC-BL

DOT

WJh)

DV

Dl,2

e

eq.

exp( 1

EIRP

EIRPG

f

fss

fcl,2

f
g,w2J

A distance [km] calculated from (162).

The largest distance [km] at which a free-space value of basic
transmission loss is obtained in two-ray model of reflection
from a smooth earth with an effective reflection coefficient of
-1. This occurs when the path length difference, Ar from (114),
is equal to X/6.

United States Department cf Commerce, Boulder Laboratories.

United States Department Of pransportation.

Desired-to-undesired signal ratio [dB] exceeded for at least a
fraction q of the time. These values may represent instantaneous
levels or hourly median levels depending upon the time availa-
bility option selected [ZO, p. 1031 and are calculated via (11).

Divergence factor, from (122).

Distances [km] shown in Figu::e 8 and calculated via (109).

2.718281828.

Equation.

Exponential; e.g., exp(2) = e2 or R exp(-j+) = Remm$ is a
phasor with magnitude R and a lag of 4 radians.

equivalent  i-sotropically radiated power [dBW] as defined by (7).

EIRP [dBW] increased by the main beam gain [dBi] of the
receiving antenna as in (6).

Frequency [MHZ], an input parameter [ZO, p. 821.

Eacility site Surface (Figure 2).

A parameter used in GX weighting factor and calculated from (81).

Knife-edge diffraction loss factors determined using Fresnel
integrals, from (137,/92,167).

fill 2
Parameters used in the normally used variability formulation

. , .\>
and discussed following (235).

1‘oh
Elevation angle correction factor, from (238).

72



gvD1,2

gvR1,2

GHz

GET,R

G
Ii',2

G
EFl,Z

G
T;Ol,Z

G-
hp' ,2

GNT,R

'Rl,Z

GT,R

Gw1,2

'1,2,3,4

h

hC

he

hem2

h
epl J

he1,2

Voltage gain [V/V] similar to gD1 2, but specifically for
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Gain [dBi] of the transmitting or receiving antenna at an
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[dB] for path O-A (Figure 7), from (56,84).
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TS-FAA-1977  propagation model.-

institute  for telecommunication  Sciences.

fl as in (154) or index (1 to N) for specific transmission
loss distributions used in the distribution mixing process
(Sec. 10.6).

An adjusted earth radius factor, from (103).

The ratio [dB] between the steady component of received power
and the Rayleigh fading component that is used to determine
the appropriate Nagagami-Rice distribution [34, p. V-81 for
YT(q), from (258).

Rounded earth diffraction parameters, from (65).

Rounded earth diffraction parameters, from (67).

Kt values in the line-of-sight region, from (254).

K values at the radio horizon; i.e., KLOS at d = dML,
from (254).

K value associated with tropospheric multipath, from (256).

Rounded earth diffraction parameters, from (66).

Total ray length

Common (base 10)

Natural (base e)

[km] in scatter calculation, from (204).

logarithm.

logarithm.

Ray lengths [km] to the cross-over point of the common volume
in tropospheric scatter calculations, from (203).

Line-of-sight.

Transmission loss [dB] values not exceeded during a fraction
q of the time. These values may represent instantaneous levels
depending upon the time availability option selected (Sec. lo),
a:d are calculated using (1).

Lbf Basic transmission loss [dB] for the free space, from (226).
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National lelecommunications  and Information Administration.

Minimum monthly mean surface refractivity (N-units) referred to
msl, an input parameter [ZO, p. 941.

Minimum monthly mean'surface  refractive (N-units) at effective
reflection surface, calculated from No via (14).

Power [dBW] that is available at the terminal of an ideal
(loss-less) receiving antenna for at least a fraction q of
the time, from (5).

Total power [dBW] radiated from the transmitting antenna, used
in (7).

Dimensionless fraction of time used in time availability speci-
ies a time avaiiab; lityfication; e.g., in Lb(O.l), q = 0.1 imp

of 10 percent.

Parameters used in tropospher ic scatter

Time availabilities for mixed distribut
specific transmission loss levels, from

calculations, from (216).

ons that correspond
(264).

to

Time availabilities for each transmission loss level (index i)
of each transmission loss distribution (index j) involved in
the distribution mixing distribution (Sec. 10.6).

Parameters used in tropospheric scatter calculations, from (189).

Parameters used in tropospheric scatter calculations, from (193).

Parameters used

Parameters used

Parameters used

n tropospheric scatter calculations, from (1 90).

n tropospheric scatter calculations, from (1 94).

n tropospheric scatter calculations, from (1 88).

Ray length [km] used in the calculation of free space loss,
from (225).

Ray length [km] for beyond-the-horizon paths, from (224).

A distance [km], from (131).

Effective ray lengths [km] for attenuation associated with
oxygen absorption, (r,,), rain storm attenuation (r,,), and

water vapor absorption (rew), from (227).
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Super High Frequency [3 to 30 GHz].

Inverse sine with principal value.

Scattering efficiency term [dB] used in tropospheric scatter
calculations, from (208).

Power density at receiving antenna locations [dB-W/sq m] for
at least a fraction q of the time, from (8).

A Fresnel integral [34, p. 111-181, for (92,137,167).

Scattering volume term [dB] of tropospheric scatter calculations,
from (219).

A parameter defined and used in (83), the GF formulation.

Relaxation time [us] used in the calculation of water surface
constants, for (151).

Inverse tangent [rad] with principal value.

A program name [ZO, p. 91.

Storm height or layer thickness (Figure 12) Jsed in attenuation
calculations for oxygen absorption (T,,), ra,in storm attenuation

(T,,), or water vapor absorption (Tew).

Ultra-High  Frequency [300 to 3000 MHz].

Knife-edge diffraction parameter, from (90).

Knife-edge diffraction parameters used to determine fg c 5,
from (135,165). , 9

very High Frequency 130 to 300 MHz).

Volts per volt.

A parameter [dB], from (235,246).

Variability for specific climate or time block, from (265).

Variability adjustment term [dB], from (240).

Variability levels (V,, .". Vi, . . . VM) used in mixing distri-
butions (Sec. 10.6).

A weighting factor used in combining knife-edge and rounded
earth diffraction attenuations, from (94).

W Watts.
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Variability [dB] associated with ionospheric scintillation,
from (263).

YI(q)J, for a particular distribution to be used in the mixing

process to obtain resultant Y,(q), from (267).

Variability [dB greater than median] associated with rain
attenuation, from (261).

A reference variability level used to calculiate Y(O.l) or Y(O.9),
from (235,246).

A top limiting level when the calculations are in the lobing
mode in the line-of-sight region, from (241).

A parameter from (133).

Variability [dB] for (263) that is associated with ionospheric
scintillation at 136 MHz [15, p. 45).

Variability [dB greater than median] of received power used to
describe short-term (within-the-hour) fading associated with
multipath where q is the faction of time during which a particu-
lar level is exceeded (Sec. 10.3).

Total variability [dB greater than median] of received power
about its median, Y (0.5) = 0, where q is the fraction of time
for which a particufar value is exceeded, from (229). These
values may represent instantaneous levels or hourly median levels
depending upon the time availability option selected [ZO, p. 103,
TIME AVAILABILITY OPTIONS].

A parameter from (102).

Parameters used in tropospheric scatter calculations, from (186).

Parameters used in tropospheric scatter calculations, from (187).

Parameters [km], from (107).

Parameters used in tropospheric scatter calculations, from (191).

Parameters used in tropospheric scatter calculations, from (195).

Parameters used in tropospheric scatter calculations, from (192).
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A parameter used in tropospheric scatter calculations, from
(211).

Scattering angle [rad] used in tropospheric scatter calculations.
It is the angle between transmitter horizon to common volume ray
and the common volume to receiver horizon ray as both leave
their crossover point, from (197).

Angles [rad], from (178).

Angles [rad] used in t
between the common vo 1
common volume rays as
from (196).

ropospheric scatter calculations; ang
ume horizontal and the horizon to the
they leave their crossover point,

An angle [rad] shown i n Figure 9, from (130).

les

An initial value for the facility horizon elevation angle [rad]
that is based on effective earth radius geometry, and is shown
in Figure 4. It may be specified [ZO, p. 90, HORIZON OBSTACLE
ABOVE HORIZONTAL AT FACILITY] or calculated as indicated in
Figure 5.

-

Smooth earth horizon ray elevation angle [rad] at the appropriate
terminal as determined from ray tracing (Sec. 3.1). Illustrated
in Figure 3.

Final value for smooth earth horizon ray elevation angle [rad]
at the appropriate terminal, from (30).

Elevation angle [rad] of horizon from the facility, from (40).

Elevation angle [rad] of aircraft horizon ray shown in
Figure 6, from (49).

An angle [rad], from (163).

Magnitude of earth facility latitude [deg] for (262).

Elevation angles [rad] of the ground reflected rays at the
terminal antennas, from (148).

Parameter [rad] used to calculate OH1 2, from (115).
,

An angle [rad],'from (158).

Direct ray elevation angles [rad] at the terminal antennas,
from (147).
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Angles [rad] used in (148), from (116).

An angle [rad], from (180).

Smooth earth horizon ray elevation angles [rad] that are
obtained using ray tracing horizon distances with an effective
earth formulation and shown in Figure 3, from (23).

Central angles [rad] below the smooth earth terminal to
horizon distances, from (29).

Diffraction angle [rad] for the O-A path (Figure 7), from (89).

Angles [rad] shown in Figure 8, from (108).

Angles [rad], from (57,58).

An angle [rad], from (159).

An angle [rad], from (164).

Wave number [per km:, from (214).

Wavelength [km], from (10).

Wavelength [ml, from (10).
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The constant 3.141592654. \

Parameters used in tropospheric scatter calculations, from
(215).

Surface conductivity [mho/m], a model input parameter [ZO, p. 99,
SURFACE TYPE OPTIONS].._-- -.. ---. --.I
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